Assessing Performance Potential of Signalized Intersections and Arterials  by Gartner, Nathan H. et al.
Available online at www.sciencedirect.com
1877-0428 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.sbspro.2011.04.470
Procedia Social and Behavioral Sciences 16 (2011) 492–503
6th International Symposium on Highway Capacity and Quality of Service 
Stockholm, Sweden June 28 – July 1, 2011 
 Assessing Performance Potential of Signalized Intersections 
and Arterials 
Nathan H. Gartnera, Rahul Deshpandea, Chronis Stamatiadisa 
aUniversity of Massachusetts Lowell, Lowell, MA 01854, U.S.A. 
 
Abstract 
Highway capacity is a scarce resource which needs to be allocated economically. Traffic control at signalized intersections 
involves balancing competing demands of different traffic streams for limited capacity at the intersection.  Similarly, progression 
schemes on two-way arterial streets involve a compromise between the demands of opposing and competing traffic streams along 
the arterial.  In these and similar cases there is a tradeoff between the performance potential that each traffic stream can attain and 
there is a need for determining the most effective signal controls under given circumstances. This phenomenon is akin to 
tradeoffs in production capabilities of economic systems that gives rise to the well-known Production Potential Frontier.  We 
develop similar paradigms for signalized intersections and for coordinated arterial streets which are called Performance Potential 
Frontiers (PPF). We introduce two types of PPFs: the Transition Potential Frontier (TPF) for a single intersection and the 
Progression Potential Frontier (PPF) for a coordinated arterial street. The TPF measures the favorability of vehicles traversing an 
intersection as a function of the right-of-way allocation to competing demands. Similarly, the PPF quantifies the advantages in 
performance that can accrue to competing traffic flow streams along an arterial. Three approaches are introduced to assess the 
performance of arterial streets using the HCM Level-of-Service (LOS) concept. These approaches incorporate systematic 
accounting of the effects of coordination through the Cyclic Coordination Function (CCF) and the corresponding Coordination 
Adjustment Factor (CAF).  
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Traffic signal operations are often the determining factor in the functioning of urban streets.1  They control the 
most valuable resource in the system: the capacity allocated to the traffic streams.  They allow for effective 
utilization of this scarce resource, which is a primary objective of operating agencies.  Effective signal control 
 
1
 The notion of “urban street” and “arterial street” implies here a street with coordinated signal-controlled intersections. 
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policies help in improving mobility and in reducing congestion in an urban area.  This paper introduces new 
concepts for assessing the performance of signalized intersections and arterial street systems.  It is most suitable for 
analyzing the potential performance possibilities of the facilities and the tradeoffs that should be considered in 
determining the control policies.  As such it can be used for more effective design and evaluation which are essential 
in optimizing the performance of highway facilities. 
We introduce the concept of a Performance Potential Frontier (PPF), akin to the Production Potential Frontier 
in economics (see Samuelson and Nordhaus, 2009).  The so called “frontier” shows the best combinations of 
performance attainable for given infrastructure and control inputs.2  This concept enables one to evaluate the 
tradeoffs in performance that result from the implementation of alternative control policies for competing traffic 
demands.  In case of an isolated signalized intersection there is a tradeoff between the capacity provided to each 
traffic stream by the traffic light.  We call this frontier the Transition Potential Frontier.  The concept is then 
extended to urban arterial street operations where it is labeled the Progression Potential Frontier.  
Signal coordination has a major impact on performance of arterial streets with signalized intersections.  The 
Highway Capacity Manual (HCM) uses average control delay per vehicle as the Measure of Effectiveness (MOE) 
for signalized intersections (TRB, 2000).  The LOS for arterial streets is based on the average travel speed on the 
arterial and the arterial street classification.  The average travel speed is computed from the length of the street 
segments and the running times, which includes control delay of through movements at the signalized intersections.  
Thus, accurate estimation of delay at signalized intersections is a critical factor in arterial street performance 
analysis. 
Another important factor in delay estimation is the Quality of Progression.  Various studies have shown 
deficiencies in the existing HCM procedure to adequately take into account the effects of coordination or lack of it 
(Eidson and Bullock, 2001).  Procedures for a more accurate representation of Quality of Progression on an arterial 
street were introduced by Gartner and Deshpande (2009a and 2009b).  Alternative approaches for the assessment of 
the LOS on an arterial incorporating systematic accounting of the effects of coordination are described by 
Deshpande et al (2010).  These approaches are based on developing a Cyclic Coordination Function (CCF) and a 
corresponding Coordination Adjustment Factor (CAF) to quantify the quality of progression.  The following 
alternative yet interrelated approaches were developed or modified: 
1. Coordination Adjustment Factor as a performance measure for Quality of Progression. 
2. Level-of-Service analysis using average delay for the arterial street in its entirety. 
3. Level-of-Service analysis using average travel speed incorporating coordination effects. 
2. Performance Assessment at Intersections and Arterial Streets 
HCM defines the control delay as the portion of the total delay for a vehicle approaching and entering a 
signalized intersection that is attributable to traffic signal operations.  Control delay includes delays of initial 
deceleration, move-up time in queue, stops, and reacceleration (TRB, 2000) as follows: 
݀ ൌ ݀ଵ ή ܲܣܨ ൅ ݀ଶ ൅ ݀ଷ (1) 
 
2
 “Performance” measures include customary Level-of-Service (LOS) and Quality-of-Service measures. 
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HCM associates a Level of Service (LOS) designation with the different delay ranges from A to F.  This is shown 
in Table 1 below.  The HCM arterial street methodology is used to analyze urban and suburban streets with traffic 
signal spacings of 2 miles or less.  The effect of coordination or progression diminishes at greater signal spacings 
due to traffic dispersion along the arterial.  Both one-way and two-way streets can be analyzed with this 
methodology; however, each travel direction of the two-way street requires a separate analysis.  The HCM 
methodology uses Average Travel Speed (ATS) for measuring the performance of an arterial. 
The ATS is computed from the running times on the street segments and the control delay of through movements 
at the signalized intersections.  HCM has four different arterial street classes depending on the Free-Flow Speed 
(FFS) range.  The LOS can be determined by the Average Travel Speed and Urban Street Class (Exhibit 15-2 in 
HCM).  The running time is dependent upon the street’s classification.  Within the classification, the running time is 
also affected by length of the segment, presence of parking, side friction, local development and street use.  
Quality of Progression (QOP) is an indication of the favorability or un-favorability of the movement of platoons 
through succeeding intersections.  The effect of progression is taken into account by the Progression Adjustment 
Factor (PAF) in Eqn. (1) which estimates the control delay.  Studies have shown limitations of the PAF to 
adequately take into account the effects of coordination or lack of it.  This may result in significant under- or over-
estimation of delay. 
An alternative approach for assessment of coordination effects is to supplant the HCM Progression Adjustment 
Factor (PAF) with a Coordination Adjustment Factor (CAF) which is based on a periodic, continuously variable 
function termed the Cyclic Coordination Function (CCF). The approach is described by Gartner and Deshpande 
(2009a and 2009b). The Cyclic Coordination Function measures delay or travel time as a function of offsets along a 
signalized section of street.  Being periodic with the cycle time the CCF can be modeled as a Fourier Series which is 
an expansion of a periodic function f(x) in terms of a sum of sines and cosines.  This is called harmonic analysis and 
the Fourier components are called harmonics.  A limited number of harmonics can provide good approximations to 
the original functions.  The Coordination Adjustment Factor (CAF) is defined as the ratio of the value of this 
function at a particular point (i.e., delay at a given offset) and the underlying average delay (i.e., the uncoordinated 
delay), as follows: 
ܥܣܨ ൌ ܦ݈݁ܽݕܽݐܩ݅ݒ݁݊ ܱ݂݂ݏ݁ݐ ሺܥܥܨሻܣݒ݁ݎܽ݃݁ ܦ݈݁ܽݕ  (2) 
The CCF (and thereby the CAF) depends on a number of factors, including:  traffic flow characteristics (volumes, 
turning movements, dispersion factors), link physical characteristics (number of lanes, length of link), and traffic 
signal controls.  Detailed analysis of these factors is given in the foregoing references. The CAF replaces the PAF in 
the HCM control delay equation; thus Eqn. (1) is changed as follows: 
 
݀ ൌ ݀ଵ ή ܨ ൅ ݀ଶ ൅ ݀ଷ (3) 
The Cyclic Coordination Function can be generated by a variety of traffic models such as TRANSYT-7F, 
Synchro or CORSIM.  The CCF can also be modeled as a Fourier Series and can be derived analytically by 
estimating its Fourier components directly from traffic and link data without the need to resort to elaborate 
simulation models.  Such derivation can be executed simply on a spreadsheet. 
3. Level-of-Service and Quality of Progression Models 
A recent paper (Deshpande et al, 2010) describes how the CAF and CCF can be incorporated in the following 
three alternative approaches of assessing QOP and LOS on an arterial street: 
x average CAF value as a performance measure for QOP 
x average arterial control delay per intersection, and 
x average travel speed along the arterial. 
All three approaches use the Cyclic Coordination Function to accurately estimate the delay. 
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3.1. Coordination Adjustment Factor as Performance Measure for Quality of Progression 
The Coordination Adjustment Factor characterizes the Quality of Progression on a single link.  It can be extended 
to assess the Quality of Progression on an arterial street.  The impedance to the movement of vehicles along the 
arterial is reflected in the Coordination Adjustment Factor (CAF) and can be used as a measure of favorability, or 
lack of favorability, of progression on the arterial, as follows: 
ܣݒ݁ݎܽ݃݁ ܥܣܨ ൌ ͳ݊෍ܥܣܨ௜
௡
௜ୀଵ
 (4) 
In this expression CAFi represents the relative delay encountered at intersection i, which is then averaged for n  
intersections along the arterial street in a particular direction. It is a dimensionless number, generally between 0 – 
2.0. 
3.2. LOS Analysis Using Average Arterial Control Delay per Intersection  
Intersection control delay has a significant effect on the movement of vehicles on an arterial street and, as such, is 
a major factor in determining the average travel speed.  A lower delay at the intersection increases the average travel 
speed and improves the LOS.  In this approach we calculate the average arterial control delay per intersection 
(AACD) for the entire street, in each direction, using the following formula: 
 
ܣܣܥܦ ൌ
σ ሺܥܥܨሻ௜ ή ݒ௜௡௜ୀଵ
σ ݒ௜௡௜ୀଵ
 (5) 
 
CCFi in Eq. (5) represents the Cyclic Coordination Function value at a particular approach at intersection i with 
approach volume vi.  This value is volume-weighted, aggregated and normalized for all intersections on the street, in 
a particular direction, to calculate the average arterial control delay (AACD) per intersection.  The result of the 
calculation is in sec/veh/int or spvpi.  We can use this value to determine the LOS for the street by employing the 
same LOS criteria used for a single signalized intersection in the HCM (Table 1).  The AACD can be calculated for 
each direction separately, or for both directions simultaneously.  (Table 1 also lists the corresponding transitivity 
values for the different levels of service, the concept is defined in Eqn. 7 below). 
 
Table 1 – LOS Criteria for Signalized Intersections (following Exhibit 16-2 of HCM) 

LOS Control Delay per Vehicle (s/veh) Transitivity (ms
-1)
A  10 ш 100
B 10 - 20 50 - 100
C 20 - 35 29 - 50
D 35 - 55 18 - 29
E 55 - 80 13 - 18
F > 80 < 13
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3.3. LOS Analysis Using Average Travel Speed with CCF 
The third approach uses a modified version of the average travel speed as LOS criterion. The average travel 
speed can be computed by substituting the HCM delay (Eqn. (1)) with a Cyclic Coordination Function (CCF) value 
which represents delay at a particular offset. 
 
ܣݒ݁ݎܽ݃݁ܶݎܽݒ݈݁ܵ݌݁݁݀ ൌ ܮσ ሺܶ ௜ܶ ൅ ܥܥܨ௜ሻ௡௜ୀଵ
 (6) 
 
In this expression, L is the length of the arterial; TTi is the travel time on segment i; CCFi  is the cyclic 
coordination function value at a particular intersection i for n intersections on an arterial street.  By using CCFi (in 
place of d) the accuracy of the travel speed estimation is improved and so is the LOS determination for the arterial 
street. 
4. The Traffic Performance Potential  
In microeconomics, the Production Potential Frontier shows the various combinations of goods and services that 
can be produced with fixed inputs of labor and capital, holding technology constant (see, for example, Besanko and 
Braeutigam, 2010).  An example of a Production Potential Frontier (PPF) is illustrated in Fig. 1.  Each point on this 
curve (such as A, B, C) describes an efficiently produced level of both guns (military goods) and butter (civilian 
products).  Any point inside this curve indicates an inefficient allocation of resources. 
 

Figure 1 – Traditional production potential frontier in economics. 
We develop an analogous concept for signal controlled facilities by calculating the potential performance 
possibilities for intersections and for arterial streets.  The analogy is that we consider the best combination of 
performance measures we can achieve on a facility with given resources (infrastructure) and technology (control 
systems).3  The concept can be extended to other types of facilities as well. 
 
4.1. Transition Potential Frontier 
In the case of an isolated signalized intersection we examine the tradeoffs in performance of competing traffic 
streams due to changes in capacity provided by adjustments of the green splits for the different phases. To quantify 
 
3
 Performance measures in this case are common Level-of-Service and Quality-of-Service criteria. 
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the tradeoffs for a single intersection we use a measure that represents a beneficial MOE (i.e., one that increases 
with a higher input).  We define a new measure of effectiveness called transitivity, as follows: 
ܶݎܽ݊ݏ݅ݐ݅ݒ݅ݐݕ ൌ ݇ܣݒ݁ݎܽ݃݁ ܦ݈݁ܽݕ (7) 
Transitivity represents the ease with which the signalized intersection can be traversed. Quantitatively it is the 
inverse of the average delay value. In Eqn. 7, when the value of k is equal to 1000 and the average delay is in 
seconds, we express transitivity in 1/milliseconds (ms-1).  Transitivity has characteristics of speed if k is assigned a 
hypothetical unit of distance.  It represents the propensity of vehicles to cross the intersection and is a positive 
measure of performance that is suitable for quantifying potential performance. 
In case of a single intersection, we call the performance potential frontier, the Transition Potential Frontier 
(TPF). The Transition Potential Frontier is explained through the following example. We consider the scenario in 
Fig. 2, an isolated signalized intersection with equal volumes (500 vph) on all approaches.  The signal control is a 
fixed-time controller with two phases for the east-west and the north-south direction.  The cycle length is 100s. The 
g/C split is varied from favorable for the East-West direction to favorable for the North-South direction. 
The Transition Potential Frontier is shown in Fig. 3.  For a favorable East-West split, the transitivity is higher in 
the east-west direction and lower for the North-South direction. When the splits are favorable for the North-South 
direction, we have higher transitivity in the North-South direction and lower in the East-West direction. For a 
balanced split the value of the transitivity lies somewhere in between. As the g/C ratio for a particular direction is 
increased, more capacity is allocated to that direction, resulting in increased transitivity.  
 

Figure 2 – Scenario for transition potential frontier at an intersection. 
It is straightforward to determine controls for a particular design volume that will maximize transitivity (or 
minimize delay). However, in practice, design volumes rarely match actual traffic volumes at the intersection.  Even 
if a fixed-time signal controller is adjusted for time-of -day, there exists some variation from the design volume.  For 
example, Fig. 3 shows the loss in transitivity in the East-West direction if the signals are set for a balanced volume 
but the actual volume at the intersection is higher in that direction. 
Adaptive control can address this problem more effectively as the traffic signals respond to actual traffic flows.  
However, under adaptive (or actuated) control we cannot consider each approach independently since the right-of-
way through the intersection (i.e., the intersection capacity) is shared dynamically among the competing traffic 
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streams.4  Thus, the v/c ratio must be taken for all the critical approaches combined (two in this case).  For a more 
detailed discussion see Gartner (1991).   
We consider a scenario similar to one described in Fig. 2.  We implement two types of controls:  fixed time 
control and actuated (or adaptive) control.  We vary the (combined) volumes in each case and plot the average 
intersection delay (Fig. 4) and average transitivity for the intersection (Fig. 5) as a function of the v/c ratio.  The 
corresponding levels of service (based on the criteria shown in Table 1) are noted on the left-hand side of the 
figures.  The graph in Fig. 5 constitutes a Performance Potential Frontier for a (single) signalized intersection.  
Adaptive control clearly outperforms fixed-time control in the under-saturated range.  As v/c exceeds 1, we enter the 
oversaturated range and adaptive control reverts to fixed-time control since all phases run to their max values.  The 
delay and the corresponding transitivity in this case are calculated by Eqns. (3) and (7).  While it may not be 
practicable or affordable to install adaptive controls at all intersections, it is advisable to provide different signal 
timing plans for a variety of traffic conditions: e.g., time-of-day, seasonal, day-of-the-week, special events, etc. 
In the next section we apply the performance potential frontier to signalized arterials. 


Figure 3 – Transition Frontier for single intersection with variation in volumes. 

 
4
 Strictly speaking, the intersection capacity is also shared at a fixed-time signal; however, the actual share of capacity that is allocated to each 
traffic stream (or phase) is fixed and, therefore, we do not have to consider all approaches simultaneously.  This is not true in the adaptive case: 
the capacity allocated to each stream is continuously varying and depends on the extant demands for all competing streams; therefore, the 
intersection has to be considered as one system. 
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
Figure 4 – Average intersection delay with fixed and adaptive control. 

Figure 5 – Transitivity variation for intersection with fixed and adaptive control. 
4.2. Progression Potential Frontier  
Progression schemes on two-way arterial streets involve a compromise between the preferences given to the two 
directions.  Commonly applied schemes are as follows: one-way preferential treatment (say, either EB or WB) and 
two-way “balanced” treatment.  Additional options include: volume-weighted progressions in the two directions 
using PASSER II (Chang and Messer, 1991) or MAXBAND (Little et al, 1981), and individual link-weighted 
progressions with user-specified preferences using MULTIBAND (Gartner et al, 1990).  In all cases there is a “zero-
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sum” phenomenon: giving preference to one direction (i.e., improving the LOS for that direction) invariably causes 
a degradation of LOS in the other direction.  Thus, there is a tradeoff between the performance advantages that 
either direction can enjoy.  This is another manifestation of the fact that this is a limited resource (street capacity) 
which has to be shared among competing demands. 
We introduce the concept of a Progression Potential Frontier in this case.  This concept enables one to evaluate 
the tradeoffs in performance that can result from the preferential treatment of one direction vs. the other.  The 
tradeoff invoves the allocation of transition, or progression, opportunities that are shared between the two directions 
(i.e., determination of offsets for each direction).  This affects the travel speeds, as well as the transitivities, of the 
vehicles in each direction.   
We illustrate the concept of the Progression Potential Frontier using the case study illustrated in Fig. 6.  We 
consider an arterial segment with variable link lengths and volumes as shown.  The cycle time is 100s at all 
intersections with two-lanes in each direction.  The average travel speed is calculated utilizing the CCF.  Three 
scenarios are considered with progression (i.e. offsets) favorable for the eastbound direction (EB), the westbound 
direction (WB) and a balanced progression for both directions.  Three different cases are analyzed: one with 
volumes as shown in Fig. 6 and two additional cases with േʹͲΨ of the indicated volumes. 
 

Figure 6 – Scenario for arterial street analysis. 
In Fig. 7, we plot the average travel speed values for the three cases and for three different progression schemes: 
favoring EB, WB and two-way.  This results in three different curves or so-called “frontiers” for each volume level.  
In general, as the volume-level decreases the average travel speed increases.  For a particular volume-level, for WB 
progression (WBP) the average travel speed is higher in the WB direction and lower in the EB direction.  As the 
progression scheme changes, the average travel speed also changes.  For an EB progression (EBP), the average 
travel speed is higher for the EB direction.  There exists an intermediate point where the two speeds are similar 
corresponding to a two-way progression. 
 
For a particular case, as we move along the curve, or the “frontier,” (i.e. change the progression scheme), the 
average travel speed or the LOS improves or degrades.  The signal control can be adjusted to favor a particular 
direction depending on time of day and improve the LOS at the cost of those travelling in the reverse direction.5  In 
this way, designers can evaluate the tradeoffs in performance that would result from varying degrees of preferences 
to the two directions.  This concept can be applied to arterial segments and can also be extended to more complex 
network configurations.   

 
5
 One can also develop analytical tools that measure the marginal rate of technical substitution (MRTS), i.e., what is the unit cost of MOE 
gain in one direction vs. the loss in the other direction.  Such tools are commonly used in the economics literature (Besanko and Braeutigam, 
2010). 
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
Figure 7 – Progression potential frontiers and LOS using ATS. 
 
4.3. Transition Potential Frontier for a Signalized Arterial 
The concept of Transition Potential Frontier (which was used for a single intersection) can also be applied to a 
signalized arterial.  We can calculate the transitivity for an arterial in a particular direction from the Average Arterial 
Control Delay (AACD).  The AACD value is volume-weighted, aggregated and normalized for all intersections on 
the street in a particular direction and is expressed in sec/veh/intersection or spvpi, see Eqn. (5) above.  AACD 
measures the effectiveness of the control strategies implemented at the signals along the arterial and is useful in 
assessing the performance of such strategies.6  This is illustrated in the next example. 
We use the same scenario as described in Fig. 6 to generate the Transition Potential Frontier which is shown in 
Fig. 8 (the corresponding LOS is indicated in the adjacent ribbons). 





 
6
 As mentioned before, this criterion excludes running times on the street segments, thus accentuating the operational impact of the signal 
control policies. 

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
Figure 8 – Transition potential frontiers and LOS for arterial case. 
Fig. 8 shows that, in general, as the volume-level decreases the transitivity increases.  For a particular volume 
level, for the WB progression (WBP), the transitivity is higher in the WB direction and lower in the EB direction.  
As the progression scheme changes, the transitivity also changes.  When we have an EB progression (EBP), the 
transitivity is now higher for the EB direction.  There exists an intermediate point where the transitivities are 
approximately similar corresponding to a two-way progression.  
As expected, the Transition Potential Frontier follows a similar trend to the one observed in the Progression 
Potential Frontier as both values (average transitivity and average travel speed) represent a positive measure of 
performance.  Another criterion that can be employed to analyze potential performance of arterial streets is 
Bandwidth.  Case studies using this criterion are forthcoming. 
5. Conclusions 
Traffic control at single intersections involves balancing demands of competing traffic streams for limited 
capacity at intersections.  Similarly, progression schemes on two-way arterial streets involve a compromise between 
the preferences given to competing directions of traffic flows on the arterial.  Thus, there is a tradeoff between the 
performance advantages that each traffic stream can enjoy.  This phenomenon is akin to tradeoffs in production 
capabilities of economic systems that gives rise to the well-known “Production Potential Frontier”.  We introduce an 
analogous concept for signalized intersections and arterials.  The “frontier” in this case shows the best combinations 
of performance attainable for given infrastructure and control inputs.  In case of an isolated intersection we call it the 
“Transition Potential Frontier”.  In case of a signalized arterial we call it the “Progression Potential Frontier” (PPF).  
We also introduce alternative measures to evaluate the performance of signalized intersections and arterials using 
Quality-of-Service and Level-of-Service (LOS) criteria and provide examples of their application.  
Similar to economic systems, in traffic control we strive to allocate scarce resources in an economical way.  The 
Performance Potential Frontier enables one to quantify the tradeoffs in performance that result from different 
allocations of resources, which in this case are represented by different control policies.  This tool enables us to 
evaluate deviations from optimal performance due to variations in traffic flows and due to uncertainties introduced 
by absent or inaccurate data.  This tool can also be used in an on-line environment in conjunction with a real-time 
data surveillance system. This is a subject for further investigation. 
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